INTRODUCTION
Soil in northeast Thailand generally consists of two layers. The upper layer (varying from 1-3 m thickness) is wind-blown and deposited over several decades. It is clayey sand or silty clay with low to moderate strength (12ºNº20, where N is standard penetration number). This upper soil is a problematic soil, which is sensitive to change in water content (Horpibulsuk et al., 2008b) . Its collapse behavior due to wetting is illustrated by Kohgo et al. (1997) and Kohgo and Horpibulsuk (1999) . The lower layer is a residual soil, weathered from claystone, consisting of clay, silt and sand (Udomchore, 1991) . It possesses very high strength (generally NÀ30) and very low compressibility. One of the extensively used soil improvement techniques for the upper soil is to compact the in-situ soil (in relatively dry state) mixed with cement slurry. This technique is economical because cement is readily available at reasonable cost in Thailand. Moreover, adequate strength can be achieved in a short time. EŠects of some in‰uential factors i.e., water content, cement content, curing time, and compaction energy on the engineering characteristics of cement stabilized soils have been extensively researched (Terashi et al., 1979 (Terashi et al., , 1980 Many researchers in concrete technology (Owens, 1979; Mitsui, et al., 1994; Ollivier and Massat, 1996; Igarashi, et al., 1996; Yang and Su, 2002; Chindaprasirt et al., 2004 ; and others) have attempted to use waste pozzolanic materials from industries to reduce the input of cement. Pozzolanic material generally consists of silica, alumina, ferric oxide etc. These compounds will form a cementitious material when combined with cement in the presence of water. Fly ash is one of the pozzolanic materials extracted from ‰ue gases of a furnace fried with coal of Electric Power Plant. Its generation is far in excess of utilization. It was possible to utilize ‰y ash in geotechni-cal and geoenvironmental works (Cokca, 1997) . Kawasaki et al. (1981) used ‰y ash mixed with cement in the construction of a man-made island for the Hakucho Bridge in Hokkaido. Laboratory investigation demonstrated that ‰y ash can control the volume change of expensive clay (Kehew, 1995) . Fly ash-cement admixture can reduce swelling, compressibility and increase strength of soil. The incorporation of ‰y ash as partial replacement of cement might reˆne the microstructure (fabric and cementation bond) of the cement stabilized clay, resulting in the improvement of engineering properties (strength, compressibility, permeability, and durability). Its role on the microstructure development has not been well established so far. It is however fundamental to be examined for better understanding and analyzing the engineering properties of the blended cement stabilized clay.
Microstructural investigation in clay has started since 1960 by Aylmore and Quirk (1960) ; Olsen (1962) . They have revealed that the basic element of the microstructure of the natural clay is not the single platelet but domains constituted of various platelets aggregated together. Nagaraj et al. (1990) have analyzed the pore size distribution of saturated clay and concluded that the volume of À0.03 micron pores amounts to nearly 90 to 95z of the total pore volume. The º0.01 micron pore is the intraaggregate pore, which is in the stable clusters formed in diŠerent electrolytic environments during deposition and sediment formation. This pore volume accounts for only 3 to 5z of the total pore volume. Since net force is likely to be attractive, these clusters are stable even in the absence of external loading. When such stable units are in close proximity in the range of separation distance of 0.01 to 0.03 micron, the net force of repulsion (R-A) between such units would create an osmotic suction on adjacent ‰uid equal in magnitude to the isotropic mean eŠective stress. When pore ‰uid is subjected to such suction pressure at innumerable points, due to several pairs of interacting particle units, a large pore (À0.03 micron) can be formed. The separation distance of larger than 0.01 micron is referred to as inter-aggregate pore. The pore space between 0.01 and 0.03 micron is designated as interaggregate pore between two interacting aggregate, and the pore space larger than 0.03 micron is large enclosed pore held within a group of clusters by surface tension. Miura et al. (1999) and Yamadera (1999) have analyzed the change in the micro-structure of natural and remolded Ariake clay during K0-consolidation and shearing based on the cluster theory of Nagaraj et al. (1990) . Pore space decreases and the clay clusters become larger as the consolidation pressure increases. Lapierre et al. (1990) used the pore size distribution from the mercury intrusion porosimetry test to explain the change of the permeability of Louiseville clay.
When cement is added to clays, calcium ions increase in the interlayer, resulting in an attraction between the clay particles and the formation of aggregations of ‰ocs. The cation exchange process continues until all charges on the interlayer and edges are satisˆed. This addition is primary responsible for enhancing the soil workability, but does not result in an increase in strength (Sherwood, 1993; Bell, 1996) . Further additions of cement lead to hydration, resulting in formation of cementitious products such as calcium silicate hydrates (CSH), calcium aluminate hydrates (CAH), and calcium aluminium silicate hydrates (CASH). Abduljauwad (1995) has observed the change in microstructure of stabilized soil using scanning electron microscopes (SEMs). Keshawarz and Dutta (1993) have reported that the particles of uncemented soil appear as a blocky arrangement of loosely packed particles while the cemented soil shows abundance of tobermorite crystals.
Recently, Horpibulsuk et al. (2009) have analyzed the strength development of cement stabilized clay with water content, cement content and curing time based on microstructural (fabric and cementation bonding) considerations. The microstructure was observed by scanning electron microscope (SEM) and mercury intrusion porosimetry (MIP), while the cementation bond strength was examined from amount of cementitious products (Ca(OH)2 and CSH) by thermal gravity (TG) analysis. They have compared the microstructure of cement stabilized clay to that of unstabilized clay and revealed that the cement stabilization markedly enhances the inter-cluster cementation bonding and reduces the pore space. The pores are possibly classiˆed into three categories: air pores (À10 micron), inter-aggregate pores (10-0.01 micron) and intra-aggregate pores (º0.01 micron). When clay is mixed with cement and water, the inter-aggregate pore volume increases due to the increase in coarse materials (unhydrated cement grains). With time, cementitious productsˆll up the pores, resulting in the increase in intra-aggregate pore volume.
The present paper attempts to explain the role of ‰y ash in cement stabilization on reˆning the microstructure, and hence the strength improvement. The parameters involved in this investigation are molding water content, curing time, replacement ratio andˆneness of the ‰y ash. The microstructural analyses have been conducted in this paper via scanning electron microscope, mercury intrusion porosimetry, and thermal gravity tests.
LABORATORY INVESTIGATION

Soil Sample
Soil sample is silty clay collected from the campus of Suranaree University of Technology, Nakhon Ratchasima, Thailand at 3 meter depth. The soil is composed of 2z sand, 45z silt and 53z clay. Its speciˆc gravity is 2.74. The liquid and plastic limits are in the order of 74 and 27 percent, respectively. Based on the Uniˆed Soil Classiˆcation System (USCS), the clay is classiˆed as high plasticity (CH). During sampling the groundwater had disappeared. Natural water content was 10 percent. The free swell test proposed by Prakash and Sridharan (2004) shows that the clay is classiˆed as low swelling type with free swell ratio (FSR) of 1.0. The FSR is deˆned as the ratio of equilibrium sediment volume of 10 g of oven-dried soil passing a 425 mm sieve in distilled water (Vd) to that in kerosene (Vk). This method was employed since it is a simple methodology to obtain an approximate and fairly satisfactory prediction of the dominant clay mineralogy of soil (Horpibulsuk et al., 2007) . Chemical composition and grain size distribution curve of the silty clay are shown in Table 1 and Fig. 1 , respectively. The natural silty clay shows groups of cluster with various sizes (vide Fig. 2 ).
Cementing Materials
Type I Portland cement (PC), ‰y ash from Mae Moh power plant in the north of Thailand, and tap water were used in this study. Chemical composition of PC, original and classiˆed ‰y ashes (OFA and CFA) is also given in Table 1 . The classiˆed ‰y ash was obtained from the original ‰y ash by passing through sieve No. 325. Total amount of the major components SiO2, Al2O3, and Fe2O3 in OFA and CFA are 81.54z and 79.44z, respectively. They are thus classiˆed as class F ‰y ash in accordance with ASTM C 618. It is noted that there is no signiˆcant diŠerence in the chemical composition of OFA and CFA. Two ‰y ashes of OFA with the median particle size ( D50) of 0.03 mm (30 micron) and CFA with D50 of 0.009 mm (9 micron) were used to replace the cement. Grain size distribution curves of PC, OFA, and CFA are also shown in Fig. 1 . These curves were obtained from the laser particle size analysis. It is found that grain size distribution curves of PC and CFA are similar. D50 of PC is 0.01 mm (10 micron) being almost the same as that of CFA. Speciˆc gravities of PC, OFA and CFA are 3.15, 2.33, and 2.54, respectively. The blaineˆneness of CFA is 510 m 2 /kg as compared with 300 m 2 /kg of OFA. SEM photos of PC, OFA and CFA are shown in Fig. 3 . From the grain size distribution curves and the SEM photos, it is found that the particles of the silty clay are much smaller than those of the cement and the ‰y ashes. The cement is irregular in shape whereas the ‰y ashes are spherical.
Methodology
The silty clay was passed through a 16-mm sieve to remove coarser particles. It was air-dried for at least three days and then the water content was adjusted for compaction test. At leastˆve compaction points were generated. The compaction was carried out according to ASTM D 698 and D 1557 in a standard 100-mm diameter mold for standard and modiˆed Proctor energies (592.5 and 2693.3 kJ/m 3 ), respectively. Compaction curves at these two energy levels are shown in Fig. 4 . The compaction characteristics (optimum water content, OWC, and maximum dry unit weight, gdmax) are 22.4z and 14.6 kN/m 3 for standard Proctor energy and 17.2z and 17.4 kN/m 3 for modiˆed Proctor energy. Having obtained the compaction curves, the air-dried clay was thoroughly mixed with 10z binder (cement and ‰y ash) and compacted under modiˆed Proctor energy. Liquid and plastic limits of the stabilized samples were also determined immediately after thorough mixing. This 10z binder was proved as suitable for strength improvement of this silty clay (Horpibulsuk et al., 2009 ). The percentages of ‰y ash to replace the cement (replacement ratio) are 0, 10, 20, 30, and 40z by weight of binder for unconˆned compression test. After 24 hours of compaction, the blended cement stabilized samples were dismantled from the mold, wrapped in vinyl bags and stored in a humidity chamber of constant temperature (25±29 C). Unconˆned compression test was run on the samples after 7, 28, 60, 90, and 120 days of curing. The rate of vertical displacement wasˆxed at 1 mm/min. For each curing time, and combination of water content and replacement ratio, at leastˆve samples were tested under the same condition to check for consistency of the test. In most cases, the results under the same testing condition were reproducible with low mean standard deviation, SD (SD/ šxº9.2z, where šx is mean strength value). Microstructure development of the blended cement stabilized clay samples with replacement ratios between 0 and 30z is investigated by the scanning electron microscope (SEM), mercury intrusion porosimetry (MIP), and thermal gravity (TG) analyses as summarized in Table 2 . The blended cement stabilized samples were broken from the center into small fragments. The SEM samples were frozen at -1959 C by immersion in liquid nitrogen for 5 minutes and evacuated at a pressure of 0.5 Pa at -409 C for 5 days (Miura et al., 1999; Yamadera, 1999) . All samples were coated with gold before SEM (JOEL JSM-6400) analysis.
Measurement on pore size distribution of the samples was carried out using mercury intrusion porosimeter (MIP) with a pressure range from 0 to 288 MPa, capable of measuring pore size diameter down to 5.7 nm (0.0057 micron). The MIP samples were obtained by carefully breaking the stabilized samples with a chisel. The representative samples of 3-6 mm pieces weighing between 1.0-1.5 g were taken from the middle of the cemented samples. Hydration of the samples was stopped by freezing and drying, as prepared in the SEM examination. Mercury porosimetry is expressed by the Washburn equation (Washburn, 1921) . A constant contact angle (u) of 1409and a constant surface tension of mercury (g) of 480 dynes/cm were used for pore size calculation as suggested by Eq. (1) D＝-(4g cos u)/P
where D is the pore diameter (micron) and P is the applied pressure (MPa). Thermal gravity (TG) analysis is one of the widely accepted methods for determination of hydration products, which are crystalline Ca(OH)2, CSH, CAH, and CASH, etrringite (Aft phases), and so on (Midgley, 1979) . The CSH, CAH, and CASH are regarded as cementitious products. Ca(OH)
Due to the heat, the water is lost, leading to the decrease in overall weight. The amount of Ca(OH)2 can be approximated from this lost water by Eq. (2), which is 4.11 times the amount of lost water (El-Jazairi and Illston, 1977 Illston, , 1980 . The change of the cementitious products can be expressed by the change of Ca(OH)2 since they are the hydration products.
Cube specimens was crushed into fragmented samples and freeze-dried as prepared for MIP. Prior to TG testing, the dried samples were ground in a ball mill and sieved through 100 mesh (150 mm). TG analysis of the samples was performed using thermal analyzer. Approximately 10-20 mg of the sample was taken for the analysis. The heat rate was maintained at 109 C/min and the sample was heated up to 1,0009 C. Figure 5 shows the compaction curve of the OFA and the CFA blended cement stabilized clay for diŠerent replacement ratios (ratios of cement to ‰y ash, C:F) compared with that of the unstabilized clay. It is noted that the compaction curve of the stabilized clay is insigniˆcantly dependent uponˆneness of ‰y ash and replacement ratio. Maximum dry unit weight of the stabilized clay is higher than that of the unstabilized clay whereas their optimum water content is practically the same. This characteristic is the same as that of cement stabilized coarse-andˆne-grained soils reported by Horpibulsuk et al. (2006 Horpibulsuk et al. ( , 2009 . Table 3 shows index properties of the silty clay, the cement stabilized clay and the OFA and the CFA blended cement stabilized clay. It is found that plastic limit of the blended cement stabilized clay increases as cement content increases (replacement ratio decreases). The increase in plastic limit indicates the ‰occulation of clay particles caused by the adsorption of Ca 2＋ ions from cation exchange process. Fly ash insigniˆcantly aŠects plastic limit as shown by the results of C:F＝0:100 and C:F＝0:0. In other words, ‰y ash does not play any signiˆcant role on the ‰occulation. The ‰occulation results in the increase in the dry unit weight with insigniˆcant change in liquid limit. Consequently, optimum water contents (OWCs) for the unstabilized and the stabilized samples are almost the same, since OWC of low swelling clays is mainly controlled by liquid limit (Nagaraj et al., 2006; Horpibulsuk et al., 2008a) . Figure 6 shows the strength versus water content relationship of the CFA blended cement stabilized clay at diŠerent replacement ratios after 60 days of curing compared with that of the unstabilized clay. The maximum strengths of the stabilized clay are at about 1.2OWC whereas the maximum strength of the unstabilized clay is at OWC (maximum dry unit weight). This is because engineering properties of unstabilized clay are mainly dependent upon the densiˆcation (packing). Even with diŠerent curing times, the maximum strengths of the stabilized samples are at about 1.2OWC as shown in Fig.  7 . This characteristic is the same as that of the cement 7  3460±182  3465±142  3479±359  3262±188  3257±301  3174±215  3082±258  2803±227  2669±195   28  5867±173  5916±471  5362±498  5817±343  5701±378  5685±341  5263±178  4821±257  4634±153   60  6872±310  7138±109  6828±486  6918±140  6437±186  6627±189  6537±104  5821±301  5840±141   90  7586±321  7353±103  7691±235  7353±197  7043±217  7038±160  6753± 80  6316±100  6181±140   120  8432±111  8272±495  8566±439  8271±336  8182±468  8771±149  7901±458  7300±392  7200±333 stabilized clay as illustrated by Horpibulsuk et al. (2009) . In‰uence of replacement ratio and ‰y ashˆneness on the strength development of the blended cement stabilized clay compacted at water content (w) of 1.2OWC (w ＝20.9z) for theˆve curing times is presented in Fig. 8 and Table 4 . It is of interest to mention that the ‰y ashˆn eness slightly aŠects the strength development as illustrated by the slight diŠerence in strength between the CFA and the OFA blended cement stabilized clay. For all curing times, the samples with 20z replacement ratio exhibit almost the same strength as those with 0z replacement ratio. The 30 and 40z replacement samples exhibit lower strength than 0z replacement samples. The samples with 10z replacement ratio exhibit the highest strength since early curing time. The sudden strength development with time is not found for all replacement ratios. Thisˆnding is diŠerent from concrete technology where the role of ‰y ash as a pozzolanic material comes into play after a long curing time (generally after 60 days). In other words, the strength of concrete mixed with ‰y ash is higher than that without ‰y ash after about 60 days of curing.
COMPACTION AND UNCONFINED COMPRESSION TEST RESULTS
MICROSTRUCTURAL TEST RESULTS
SEM Photos
Figures 9 through 12 show SEM photos of the OFA and the CFA blended cement stabilized clay compacted at w＝1.2OWC (w＝21z) and cured for 28 and 60 days at diŠerent replacement ratios. The ‰y ash particles are ner the ‰y ash, the lesser the pore space. It is moreover found that some of the surfaces of ‰y ash particles are coated with layers of amounts of hydration products. However, they are still smooth with diŠerent curing times. Thisˆnding is diŠerent from concrete technology where the precipitation in the pozzolanic reaction is indi- cated by the etching on ‰y ash surface (Fraay et al., 1989; Berry et al., 1994; Xu and Sarker, 1994; Chindapasirt, 2005) . This is because the input of cement in concrete is high enough to produce a relatively high amount of Ca(OH)2 to be consumed for pozzolanic reaction. Its water to binder ratio (W/B) is generally about 0.2-0.5, providing a strength higher than 30 MPa (30,000 kPa) at 28 days of curing, whereas for ground improvement, the W/B is much lower. In this study, it is 2.1 (W/B＝21z /10z) at 1.2OWC, which is about 4-10 times diŠerence.
From this observation, it is thus possible to conclude that the pozzolanic reaction is minimal for strength development in the blended cement stabilized clay. Figures 13 and 14 show the pore size distribution of the OFA and the CFA blended cement stabilized clay at diŠerent curing times and replacement ratios. It is evident that for a particular curing time, pore size distribution is mainly controlled by ‰y ashˆneness. The total pore volume is lesser for the CFA blended cement stabilization. This observation is in agreement with the SEM one. In case of the OFA blended cement stabilization, the total pore volume increases with replacement ratio. This is because OFA particles are coarser than the clay and PC particles. The increase in replacement ratio thus increases coarser particles, resulting in the increase in pore volume. The same is not for the CFA blended cement stabilization. The pore size distribution for all replacement ratios is almost identical since the grain size distribution and D50 of PC and CFA are practically the same. Even with the distinct diŠerence in pore size distribution, the strengths of the CFA blended cement stabilized clay are slightly higher than those of the OFA blended cement stabilized clay. Moreover, it is found that for all curing times, although total pore volumes of the OFA blended cement stabilized clay at C:F＝90:10 are higher than those of the cement stabilized clay (without ‰y ash), the strengths of the OFA blended cement stabilized clay are higher. This implies that the strength of blended cement stabilized clay is not directly dependent upon only pore size distribution. However, it might control permeability and durability. With time, the total pore and large pore (À0.1 micron) volumes decrease while the small pore (º0.1 micron) volume increases. This is due to the growth of cementitious productsˆlling up pores. The growth of cementitious products would be depicted in the next section. Last but not least, it is notable that the small pore (º0.1 micron) volumes for both OFA and CFA blended cement stabilized clay are higher than those of the cement stabilized clay. This implies that a number of large claycement clusters possessing large pore space reduce when both OFA and CFA are utilized. In other words, the ‰y ashes disperse large clay-cement clusters into small clusters, resulting in the increase in small pore volume.
Pore Size Distribution
Thermal Gravity Analysis
EŠect of water content on cementitious products is clearly explained by Table 5 , which shows Ca(OH)2 of the OFA and the CFA blended cement stabilized clay at 10z replacement ratio (C:F＝90:10) after 7 days of curing for diŠerent water contents. For both OFA and CFA blended cement stabilization, the highest Ca(OH) 2 (highest degree of hydration) is at w＝1.2OWC, associated with the highest strength. At w＝17z (OWC), even though its dry unit weight is the highest (total pore volume is lowest) (Fig. 5) , its Ca(OH)2 is lesser than that at 1.2OWC, hence lower strength. The water content of 1.2OWC is thus regarded as the suitable state where the air pore volume is minimal. For wº1.2OWC, the air pores cause the discontinuity in the cement paste resulting in less hydration. The greater the air pore volume (the lower the water content), the lower the strength. For wÀ1.2OWC (degree of saturation close to 1.0), the soil water/cement ratio, w/C governs the strength development Horpibulsuk et al., 2003 Horpibulsuk et al., , 2005 Horpibulsuk et al., , 2006 . As such, for the same input of cement, the higher the water content, the lower the hydration products. Table 6 shows Ca(OH)2 of the blended cement stabilized clay at w＝1.2OWC for diŠerent replacement ratios and curing times. It is found from Tables 5 and 6 that Ca(OH)2 increases withˆneness for all water contents, replacement ratios, and curing times. For a particular water content and curing time, Ca(OH)2 for both OFA and CFA blended cement stabilized clay decreases with replacement ratio only when the replacement ratio is in excess of a certain value. Thisˆnding is diŠerent from concrete technology in which Ca(OH)2 decreases signiˆcantly with the increase inˆneness and replacement ratio (Berry et al., 1989; Sybertz and Wiens, 1991; Harris et al., 1987; Chindapasirt, 2005 Chindapasirt, , 2006 ; and others) due to pozzolanic reaction. The highest Ca(OH)2 is at 10z replacement ratio (C:F ＝ 90:10) for both OFA and CFA blended cement stabilization and for all curing times. For replacement ratios higher than 10z, Ca(OH)2 decreases with replacement ratio. Ca(OH)2 at 20z replacement ratio is almost the same as that at 0z replacement ratio. Thisˆnding is associated with the strength test results that the 10z replacement ratio gives the highest strength and the strengths for 0z and 20z replacement ratios are practically the same for all curing times. It is thus concluded that cementious products mainly control the strength development. In other words, the strengths of the blended cement stabilized clay having diŠerent mixing condition (binder content, replacement ratios, and curing time) could be identical as long as cementitious products are the same. From SEM and MIP observation, it is possible to mention that the role of ‰y ash is to disperse large clay-cement clusters formed when interacted with water into smaller clusters. The higher the replacement ratio, the better the dispersion. Consequently, the reactive surfaces increase, resulting in the increase in cementitious products as illustrated by dispersion induced Ca(OH)2 (vide Table 6 ). It is the diŠerence in Ca(OH)2 of the blended cement stabilized clay due to the combined eŠect (hydration and dispersion) and due to hydration. Ca(OH)2 due to combined eŠect is directly obtained from TG test on the blended cement stabilized sample. Ca(OH)2 due to hydration is also obtained from TG test on the cement stabilized sample having the same cement content as the blended cement stabilized sample. For simplicity, Ca(OH)2 due to hydration at any cement content can be estimated from known Ca(OH)2 of cement stabilized clay at a speciˆc cement content by assuming that the change in the cementitious products is directly proportional to the input of cement . Thus, Ca(OH)2 due to hydration (H) for any replacement ratio at a particular curing time is approximated in the form.
where T is known Ca(OH)2 of the cement stabilized clay (0z replacement ratio) obtained from TG test, and F is the replacement ratio expressed in percentage. have shown that Ca(OH) 2 of the cement paste with ‰y ash is always lower than Ca(OH)2 of the cement paste without ‰y ash, resulted from Ca(OH)2 consumption for pozzalanic reaction. The same is not for the blended cement stabilized clay. It is found that Ca(OH)2 due to combined eŠect is higher than that due to hydration for all replacement ratios and curing times. The dispersion induced Ca(OH)2 increases with ‰y ashˆneness and the replacement ratio for all curing times.
DISCUSSION
Cement, ‰y ash, and soil are particulate materials, which are composed of individual units. The particulate materials can be regarded as either non-interacting or interacting materials dependent upon the absence or presence of physico-chemical interactions with the pore ‰uid. In case of the blended cement stabilization, cement and clay are interacting materials with water. Fly ash, silt, and sand are non-interacting materials, primarily due to their low speciˆc surface and non-electrical nature of surfaces.
Since cement and clay are interacting materials, when clay is mixed with cement and water, clay and cement particles would group together into large clay-cement clusters. Fly ashes as a non-interacting material can disperse the large clay-cement clusters into smaller clusters, resulting in the increase in reactive surfaces, and hence cementitious products. Figure 15 shows the strength development (qD/q28) with time of the CFA blended cement stabilized clay where qD is the strength after D days of curing and q28 is the 28-day strength. It is found that the relationship is practically the same for all replacement ratios and very close to that proposed for cement admixed clay by Horpibulsuk et al. (2003) . This evidence reinforces the conclusion from the microstructural observation that strength development with time for stabilization with and without ‰y ash is the same and mainly controlled by hydration with minimal pozzolanic reaction.
From the present investigation, it is of interest to discuss herein that strength development in the blended cement stabilized clay is dependent upon the cementitous products mainly due to combined eŠect (hydration and dispersion). Cementitious products due to hydration are governed by the input of cement while those due to dispersion mainly by ‰y ash content (replacement ratio). 10z replacement ratio shows the highest cementitious products due to hydration but lowest cementitious products due to dispersion. Whereas 40z of the replacement ratio shows the lowest cementitious products due to hydration but highest cementitious products due to dispersion. The 10z replacement ratio exhibits highest strength and can be regarded as the most eŠective because the cementitious products due to the combined eŠect are the highest. As such, it is worthwhile to mention that besides the application of ‰y ash as a replacement material as studied in this paper, it can be considered as a dispersing material added into cement to increase the cementitious products, and hence strength. The suitable additional ratio is however needed to be further examined.
CONCLUSIONS
This paper presents the role of ‰y ash on the strength and microstructure development in the blended cement stabilized clay. The following conclusions can be advanced from this study.
1. The ‰occulation of clay particles due to the cation exchange process is controlled by cement content, regardless of ‰y ash content. It results in the increase in dry unit weight with insigniˆcant change in liquid limit. Hence, OWCs of stabilized and unstabilized silty clay (low swelling clay) are practically the same. 2. The surfaces of ‰y ash in the blended cement stabilized clay are still smooth for diŠerent curing times andˆneness, suggesting that pozzolanic reaction is minimal. Fly ash is considered as a dispersing material in the blended cement stabilized clay. This is diŠerent from the application of ‰y ash as a pozzolanic material in concrete structure in which Ca(OH)2 from hydration is much enough to be consumed for pozzolanic reaction. 3. From the microstructural investigation, it is concluded that the role of ‰y ash as a non-interacting material is to disperse the cement-clay clusters with large pore space into smaller clusters with smaller pore space. The dispersing eŠect by ‰y ash increases the reactive surfaces, and hence the increase in degree of hydration as clearly illustrated by the increase in the induced Ca(OH) 2 with replacement ratio andˆneness. 4. The increase in cementitious products with time is observed not only from TG test results, but also from the pore size distribution. With time, the large pore (À0.1 micron) and total pore volumes decrease while the small pore (º0.1 micron) volumes increase. This shows the growth of the cementitious productsˆlling up the large pores. 5. The macro-scale observation on the strength development with time reinforces the conclusion from the microstructural observation that the strength development of blended cement stabilized clay is mainly due to hydration with minimal pozzolanic reaction. 6. The strength development in the blended cement stabilized clay is dependent upon cementitious products mainly attributed to the combined eŠect (hydration and dispersion). The water content of about 1.2OWC and the 10z replacement ratio are regarded as the most eŠective mixing condition for the stabilization, exhibiting the highest cementitious products.
